INTRODUCTION
The eco-environment in the Loess Plateau, China is fragile, characterized by soil erosion and deterioration of natural vegetation due to excess deforestation. The artificial pure forests play key roles in environmental protection and soil and water conservation (Liu et al., 2010) . However, as the long-term selective utilization of soil nutrients by single species (Podrázský et al., 2009; Mi et al., 2015; Hansen et al., 2009) and their special environmental effects, such as single litter returning to soil and special secondary metabolite released (Mi et al., 2013; Wang et al., 2015) , the pure forests generally exhibit obvious soil properties alteration (Luc et al., 2015; Mi et al., 2015; Andreetta et al., 2016) , such as decreases or increases in the contents of soil organic matter and available nutrients, enzymatic activities and microbial populations (Liu et al., 2010; Mi et al., 2013) . Because the formation and transformation of humus is influenced both by the litter input and soil environmental conditions (Berg and McClaugherty, 2014; Descheemaeker et al., 2009; Prescott, 2010; Trap et al., 2013; Yan, 1997; Yu et al., 2011; Ni et al., 2016; Li et al., 2015) , the single litter properties and particular soil properties in pure forest will consequently lead to humus dissimilation -including the alterations in humus content and structure properties -in different pure forests.
As soil humus plays important roles in the soil structure formation, soil permeability and aeration maintenance, nutrient supply and soil carbon sequestration functions, it has attracted much attention in recent decades (Andreetta et al., 2011; Khaled and Fawy, 2011) . The existing studies have demonstrated that the humus content and componential properties exhibited considerable specificity in different forests (Dong et al., 2015; Li et al., 1992) . In addition, the humus properties were also significantly changed during the process of forest development and aging or when the dominant species in forests were changed (Abakumov et al., 2013; Cerli et al., 2008; Descheemaeker et al., 2009; Labaz et al., 2014; Trap et al., 2013) . Noticeably, the longterm growth of pure forests sometimes will cause the losses of humus components and alterations of humus structure properties in soil (Liu et al., 2009 ).
However, the mechanism of humus dissimilation in different types of pure forests is far from clarified. Most of the studies tend to regard the litter quality (such as lignin, N, P, Mg, Mn contents and C/N, lignin/N ratios) as the main reason causing these phenomena (Descheemaeker et al., 2009; Li et al., 1992; Trap et al., 2013) , while the effects of particular/altered soil properties in pure forests on humus dissimilation still need further investigation. In addition, previous researches investigated the relationship between humus and other soil properties using simple correlation analysis methods (Ma et al., 2013; Yu et al., 2011) , the results obtained still need further confirmation, because the multiple correlations among soil properties may lead to low analyzing accuracy.
In this study, 8 kinds of typical pure forest of the semihumid hilly area in the Loess plateau, China were chosen as objects. The soil humus properties were determined to assess the humus dissimilation of each pure forest. In addition, leaf litter characteristics and soil biological and chemical properties were measured, and the relationship between them and soil humus dissimilation were analyzed using partial least squares regression (PLS-R) method, aiming to provide suitable ways to prevent the harmful humus dissimilation, and to improve the stability of forest ecosystem.
MATERIALS AND METHODS

Studied area
This study was carried out in Shuanglong forest plantation, Huangling County, China. This area is a part of the temperate semi-humid loess hilly region, with an average annual temperature of 9.4°C, an average annual precipitation of 630.9 mm, an average relative humidity of 64%, and a frost-free period of 150 days. 
Sampling of soil and litter
In the study area, 8 kinds of typical pure forest with similar site conditions (shaded and half shaded slopes at the middle-upper parts of loess ridge, with slopes within 22-30°) were chosen (Table 1) . Three standard plots (20×20 m) were established within each pure forest, and every tree individual was counted and measured to obtain the the stand structure. Five quadrats with a size of 1×1 m were subsequently established within each standard plot, and all humus layer (0-10 cm depth) soil from the 5 quadrats was gathered and mixed uniformly after removing roots and stones. Humus soil from the same standard plot was then homogenized again and 3 kg soil was sampled from the mixture with quarter method. That is, a twicemixed soil sample was gathered from each standard plot, and totally 3 samples were collected from each forest. Simultaneously, leaf litter from quadrats in each forest was collected, rapidly rinsed and oven dried at 65°C, and then weighed for calculating the litter accumulation. The current-year litter was used for substrate quality determinations (Table 1) .
Determination of the soil and litter properties
The following methods suggested by Bao (2000) were used for the determinations of soil properties: Humus contents (including humic acid-HA, fulvic acid-FA and humin-HM) were measured by tetrasodium pyrophosphate extraction-potassium dichromate oxidation method, Carbon content of litter samples was measured by potassium dichromate oxidation method, N (LN) by a continuous flow analytical system (Auto Analyzer 3, Bran Luebbe, Germany), P, and Mn (LP and LMn) were measured by the same instruments as soil (Bao, 2000) .
Data processing
Data were analyzed by IBM SPSS 19.0 using one-way analysis of variance to assess the differences between soil and litter samples, and the least significant difference method was employed in post hoc analysis (P<0.05). The relationships between soil biological and chemical properties/litter characteristics and humus properties were analyzed by SIMCA-P 11.5 using partial least squares regression (PLS-R) method.
RESULTS
Dissimilation of humus properties of 8 pure forests
Humus soil from 8 mature forests showed significant differences ( Fig. 1 The result indicated that the Q p of humus soil from P. tabuliformis and R. pseudoacacia forests was the highest in the tested 8 forests, followed by L. principis-rupprechtii, P. simonii, Q. liaotungensis, P. orientalis and P. armandii, while humus soil from B. platyphylla forest exhibited the lowest Q p value. As HA exhibit higher aromatization than other components in humus, these results indicated that the humus formed in P. tabuliformis and R. pseudoacacia forests had better humus stability.
Soil chemical and biological properties in 8 pure forests
Significant differences were observed in nutrient contents in the soil from 8 pure forests (Table 2 ). In which, P. orientalis forest soil had the highest alkaline N contents, while P. tabuliformis and L. principis-rupprechtii forests soil showed the lowest. P. orientalis forest soil exhibited the highest available P content, while L. principis-rupprechtii forest soil had the lowest. R. pseudoacacia forest soil was the richest in available K contents, while P. armandii forest soil was the poorest. The highest available Cu content was observed in L. principis-rupprechtii forest and the lowest was observed in P. armandii, P. tabuliformis and R. pseudoacacia forests. P. orientalis forest soil showed the highest available Zn content, while the P. armandii forest soil showed the lowest. Q. liaotungensis, L. principis-rupprechtii and B. platyphylla forests soil exhibited the highest available Fe contents, while the R. pseudoacacia forest showed the lowest. L. principis-rupprechtii forest was the richest in available Mn contents, while P. armandii and R. pseudoacacia forests were the poorest.
In different forest soils, significant differences were also observed in enzyme activities and microbial biomass carbon contents (Table 3) . Among them, R. pseudoacacia forest soil showed the highest urease activity, while P. armandii forest showed the lowest. L. principis-rupprechtii forest soil exhibited the highest sucrase activity, while B. platyphylla forest showed the lowest. L. principis-rupprechtii and R. pseudoacacia forests soil showed the highest peroxidase activity, while soil from other forests showed the lowest. P. orientalis forest soil showed the highest dehydrogenase activity, while L. principis-rupprechtii forest soil showed the lowest. P. orientalis forest soil showed the highest phosphatase activity, while L. principis-rupprechtii and B. platyphylla showed the lowest. B. platyphylla forest soil showed the highest protease activity, while P. armandii showed the lowest. The microbial biomass carbon content was the richest in P. orientalis forest soil, while P. simonii forest soil was the lowest.
The relationship between humus dissimilation and soil bio-chemical properties/litter characteristics
Considering the multiple correlations within litter/soil properties, partial least squares regression was employed for assessing the relationships between humus properties ( Fig. 1 ) with litter characteristics (Table 1) and soil biological and chemical properties (Tables 2 and 3 ). Litter and soil properties were defined as independent variables, while the humus properties were defined as dependent variables. The sign (+ and -) of coefficient of the independent variables in obtained regression models (Equations 1-4), which indicated the trend of each parameter. All models close to 1.0 indicate an excellent model, and all models' significance were confirmed. In addition, the Variable Importance of Projection (VIP) value was used for the assessment of the relative influence of each parameter in the models. A VIP > 1 indicated the parameter was the most relevant and significant for explaining the dependent variables.
The results revealed that (Equations 1-4, Fig. 2 ): Higher soil microbial biomass carbon, alkaline N and available P contents, higher soil phosphatase, dehydrogenase and urease activities, and higher litter accumulation were to the benefit of humic acid (HA) accumulation, while the higher soil available Fe and litter Mn contents were adverse to HA accumulation. Higher soil microbial biomass carbon, alkaline N, available Zn and P contents, and higher soil dehydrogenase and phosphatase activities were in favor of the accumulation of fulvic acid (FA), while the increase in litter Mn content exhibited relative significant negative effects on this process. Increases in soil microbial biomass carbon and alkaline N contents, soil dehydrogenase and phosphatase activities and litter N content could accelerate the accumulation of humin (HM), in contrast, increase in soil available K and Zn contents and soil sucrase activity would hinder this process. Increases in soil available K content and urease and peroxidase activities and higher litter accumulation and C/P ratio would promote the humification processes in soil, while the increases in soil available Fe and Cu contents, soil catalase activity and litter P content exhibited considerable inhibitory effects. 
DISCUSSION
The relationship between humus dissimilation with other soil properties and litter characteristics
Our results demonstrated that there were considerable humus dissimilation phenomena in the tested pure forests, which was similar to the findings of Li et al. (1992) , He (2002) , Dong et al. (2015) , Pshenichnikov and Pshenichnikova (2015) and Ni et al. (2016) . In addition, the results of PLS-R revealed that both litter characteristics and particular soil biological and chemical properties contributed to the dissimilation of humus, however, it was the soil properties rather than the litter characteristics which showed the dominant impacts on humus accumulation and humification processes. This result was in contrast with the findings of Descheemaeker et al. (2009) and Trap et al. (2013) . We hypothesized that litter mainly influence the humus properties by changing soil biological and chemical properties, thus its relations with humus were hard to be directly observed.
Specifically, the results of PLS-R indicated that high microorganism biomass carbon contents were in favor of the accumulations of HA, FA and HM. The humification processes were controlled by microbial activities (Berg and McClaugherty, 2014; Schaeffer et al., 2015) : the organic matters (such as lignin, cellulose, protein, phenolic and other substances) entered in soil might be decomposed, transformed and re-compounded to form humus, thus the increases in microbial biomass accelerated the overall humus formation. Certainly, as the diversity of microorganisms, the increases in microbial biomass might also cause the dissimilation of humus components. As examples, the white rot fungi tend to completely decompose the organic matters, while brown-rot fungi can promote the humification processes (Berg and McClaugherty, 2014) . Trichoderma is in favor of the formation of HA and in favor of the increase of the humification degree, while the activity of Streptomyces is more beneficial to form FA (Guan and Dou, 2006; Li et al., 2015) . However, Cortinarius spp. would lead to the oxidation of humus materials (Bӧdeker et al., 2014) . For soil enzymes, high activities of phosphatase and dehydrogenase were benefit for the accumulations of all three kinds of humus components, while high urease activity could lead to a higher accumulation of HA and the increase in degree of humifications, which was agreed with the findings of Yu et al. (2011) while was contrary to the findings of Yan (1997) . These indicated that the N and P supplements might be the main limitations for humification in the tested area, thus the increases of phosphatase and urease could promote the humus accumulation and humification processes. Dehydrogenase was closely associated with the microbial activity and the decomposition of soil organic matters, while peroxidase could catalyze the oxidation of phenolic matters (Yan, 1997; Bӧdeker et al., 2014) , the increases in these two kinds of enzyme would consequently accelerate the decomposition (not completely decomposition) and transformation of plant litter and other organic residues, and thus provide sufficient precussor substances for humus. In contrast, the increase of sucrase activity could hinder the accumulation of HM, this revealed that the micro-molecule carbohydrate might participate in the formation of HM, which is contrary to the findings of Paul (2002) . Moreover, the results demonstrated that high catalase activity could decrease the degree of humifications of humus, that might be resulted from its ability of catalyzing the rapidly decomposition of H 2 O 2 (which plays key roles in the transformation of lignin and the other substances, Yan, 1997; Bӧdeker et al., 2014) , thus hinder the humification processes.
For soil nutrient elements, the results of PLS-R revealed that the high available N and P contents in soils also promoted the accumulation of humus components, which was in line with the findings of Prescott (2010), Dang et al. (2012) and Ma et al. (2013) . Sufficient N and P supplements could accelerate the microbial reproduction and thus promote the humus accumulations. In addition, N could combine with lignin and form recalcitrant materials and inhibit the lignin-decomposing enzyme activity (Hassett et al., 2009; Lauber et al., 2009; Tu et al., 2014; Rinkes et al., 2016) , which might hinder the complete decomposition and thus retain more material sources for humification. Interestingly, our results demonstrated that soil available K could hinder the formation/accumulation of HM, and increase the degree of humifications of humus, the mechanism of these phenomena was still need further investigation. For micro-elements, the increase in soil available Fe content were adverse to the accumulation of HA, high content of available Zn could promote the accumulation of FA but hinder the accumulation of HA, while high contents of available Fe and Cu would decrease the degree of humifications. As Fe and Cu were the important components of lignin peroxidase (LiP) and laccase (Lac), the increase of Fe and Cu contents might result in the excess secretion of LiP and Lac, and subsequently cause the excess mineralization of lignin and other substances and decrease the stability of humus. Zn was closely associated with the activity of LiP as well, however, its impacts on LiP were controlled by its concentration, thus its impacts on each humus component exhibited obvious dual nature (Singhal and Rathore, 2001) .
Though the overall impacts of litter characteristics on humus were weaker than soil properties, some of the litter substrate quality indicators still exhibited obvious correlations with humus properties. In which, high litter accumulation would considerably accelerate the HA accumulation and increase the degree of humifications, while its influences on FA and HM were negligible. Based on this phenomenon, we speculated that the nitrogenous substance in litters might be preferentially used for compounding HA rather than FA and HM. In addition, the PLS-R results demonstrated that high litter N content would increase the accumulation of HM while Mn contents would hinder the accumulation of HA and FA. High litter N might also promote the humification processes by accelerating microbial activities, while Mn, as the key components of Mn-peroxidase (Trap et al., 2013) , might lead to the complete mineralization of lignin, thus decline the supplement of material source of humus. To our surprise, poor litter P conditions (high C/P and low P content) seemed to be more favorable to increase the degree of humifications, while it was totally different from the results obtained formerly in soil, the mechanism for this was still need further investigation. In contrast to the findings of Trap et al. (2013) , we did not find the significant correlations between litter C/N and humus properties. That might be on account of the alteration of litter C/N during the decomposition, because the litter residues with given C/N range tend to form different humus components (Tripolskaja et al., 2014) .
Negative dissimilation of humus in pure forests and possible remediation approaches
In the tested pure forests, soil from L. principis-rupprechtii, P. armandii, P. simonii exhibited the trend of low accumulation of humus (Fig. 1) , which was mainly caused by the poor microbial conditions in soil (In these soils, the lowest microbial biomass carbon contents were observed). In addition, the enzymatic and nutrient properties which were adverse to the formation and accumulations of humus were observed in these 3 types of soil. Such as low soil alkaline N contents, low soil phosphatase and dehydrogenase activity and high available Fe contents, and low soil available P content was observed in L. principis-rupprechtii forest soil (Tables 2 and 3 , Fig. 2 ). Furthermore, low litter accumulation, low litter N contents and high litter Mn contents were also responsible for the poor humus contents in P. simonii and L. principis-rupprechtii forests soil (Table 1 , Fig. 2) . As to the humification characteristic, soil from P. orientalis, P. armandii and B. platyphylla exhibited a trend of low humufication degree (Fig. 1) , which was mainly resulted from the lowest soil available K contents in these forest soils (Table 2 , Fig. 2 ). In addition, low litter accumulation and high litter P content (especially in B. platyphylla forest) and high soil available Fe contents (especially in soil from P. armandii and B. platyphyll forests) would also hinder the increase in degree of humifications. These negative humus dissimilation phenomena should be artificially intervened to increase the accumulation and stability of humus.
As the main reasons causing negative humus dissimilation were the particular soil properties and the single litter source (or poor litter accumulation) in pure forests, consequently, in forestry practice, planting understory (shrub or herbaceous plant) or forming mixed forests might be a feasible way to gradually improve the microbial, enzymatic and nutrient conditions, and thus improve the humus properties . In particular, leguminous forages and tree species which could cause positive humus dissimilation (such as R. pseudoacacia and Q. liaotungensis in this study) were recommended for mixed afforestation. For the forest soil showed serious degradation in humus properties, it was recommended to directly add plant litters into soil to control the alteration of soil properties and provide more organic matter source for humus (Luc et al., 2015; Luc et al., 2013) . In addition, N and P fertilization and K fertilization were also the potential approaches for rapidly increasing the contents of humus and degree of humifications, respectively.
CONCLUSIONS
Relatively to the litter properties, the particular soil properties (or rather, the polarized soil properties) were the dominant factors of the humus dissimilation in the pure forests. Specifically, high soil microbial biomass carbon (MC), alkaline N and available P contents, soil phosphatase, dehydrogenase and urease activities, and litter accumulation played the important roles in the accumulation of humic acid, while high soil available Fe and litter Mn contents were opposite. High soil MC, alkaline N, available Zn and P contents, and dehydrogenase and phosphatase activities contributed to the fulvic acid accumulation, while the high litter Mn content were opposite. High soil MC and alkaline N contents, dehydrogenase and phosphatase activities and high litter N content were in favor of the accumulation of humin, while high soil available K and Zn contents and sucrase activity were opposite. High available K content, urease and peroxidase activities and litter accumulation and C/P ratio were beneficial to the increasing of humification degree, while high soil available Fe and Cu contents, catalase activity and litter P content were opposite.
